University of Oxford (Received 23 December 1954) It was shown in a previous paper (Krebs & Hems, 1953) that animal tissues contain an enzyme catalysing a rapid transfer of phosphate between adenosine-and inosine-di-and -tri-phosphates according to the scheme ATP+IDP= ITP+ADP, (1) where ATP and ADP stand for adenosine tri-and di-phosphates, and ITP and IDP for inosine triand di-phosphates respectively. found this reaction simultaneously and independently in yeast. The present paper is concerned with another phosphate-transfer reaction of animal tissues:
ITP+AMP ADP+IDP, (2) where AMP stands for adenosine monophosphate. While the experiments establish the occurrence of reaction (2), they leave the mechanism of the phosphate transfer undecided. Reaction (2) is analogous to that catalysed by adenylate kinase (myokinase). ATP+AMP=2ADP, (3) but purified adenylate kinase of muscle tissue does not catalyse reaction (2). It is possible that the enzyme is identical with the adenylate kinase of other tissues, which, according to Kotelnikova (1949 Kotelnikova ( , 1950 and Barkulis & Lehninger (1951) , differs from the muscle-adenylate kinase. It is also possible that the transfer is the result of the combined action of reactions (3) and (1). In this case catalytic quantities of ADP and ATP would participate in the reaction. No detectable quantities of these reagents were present at the beginning of the incubation period, but this does not rule out the presence of catalytic amounts.
MATERIALS AND METHODS
ATP was prepared according to LePage (1949) and ITP according to Kleinzeller (1942) . ADP was obtained from Schwarz Laboratories Inc., New York, and AMP from Roche Products Ltd., Welwyn Garden City; IDP was prepared by deamination of ADP with nitrous acid, the directions given by Kleinzeller (1942) for the deamination of ATP being followed. ATP and ITP contained ADP and IDP respectively. The quantities of these impurities present at zero time are stated in the tables. ATP containing 82p in the ft-and y-positions was prepared according to Hems & Bartley (1953) . ft-Labelled ADP was a by-product in the preparation of labelled ATP and was separated chromatographically. y-Labelled ITP was prepared by the procedure of Hems & Bartley, by including ITP as well as ATP among the added reagents and separating the products by paper chromatography. About 92% of the isotope was in the y-phosphate and about 8% in the f,-phosphate of ITP. The sample also contained some ,B-labelled IDP. Labelled AMP was prepared according to Eggleston (1954) . The specific activity of the nucleotide phosphorus was of the order of 106 counts/ min./jug. The substances could therefore be diluted about 1000-fold with carrier material.
Sheep-liver mitochondria were prepared by homogenizing fresh liver with 3 vol. of 0-25M-sucrose in the apparatus of Potter & Elvehjem (1936) made of stainless steel. The supernatant (30 ml.) obtained on centrifuging at 150g for 15 min. was mixed with 1 5m-KCI (4 ml.) and this was centrifuged for 15 min. at 2500g. The sediment of mitochondria was resuspended in 0.5% KCI and centrifuged at, 2500g for 7 min. This suspension was again centrifuged and the residue was suspended in 5 vol. of water. The suspension was frozen at about -15°. After thawing, the material was centrifuged at 24000g and the supernatant was used as enzyme preparation. It was stored at -15°.
Acetone Krebs & Hems (1953) .
As will be seen in The procedure for obtaining the data in Table 2 a and b only and so, if b is known, the amount of a can be calculated from the amount of ADP formed. Similarly, c, d and e can be calculated. Since the number of values obtained experimentally is greater than the number of quantities to be solved for, there is a choice of procedures for calculating a, b, etc.; and since the values are subject to experimental error, the values obtained will differ according to the procedure chosen. Accordingly one procedure was chosen arbitrarily to give a set of values of a, b, etc., as a first approximation, and these values were then finally adjusted to give the best general agreement between the observed and predicted changes in the quantities of the various substances (Table 3) . A statistical method of solution might have been used, but would not have been profitable since the weights to be attached to the experimental values were not known.
The agreement between the expected and observed changes shown in Table 3 is satisfactory and testifies to the reliability of the analytical methods. A further check on the reliability of the results is afforded by the balance of the changes as shown in Table 4 . The agreement is again satisfactory. As expected from Table 2 there is a small loss (3 3,moles) of adenosine nucleotide and an equivalent gain of inosine nucleotide.
only discrepancy concerns inorganic phosphate, where the observed value is too low by 229 counts. This may be due to imperfect separation of the phosphates and in particular to contamination of IMP with inorganic phosphate. Most of the missing counts (205) were found in the IMP area, though it is unlikely that IMP itself was radioactive.
The changes observed in the control containing ITP, with some IDP, as recorded in Table 1 , are in agreement with the assumption that both substrates undergo dephosphorylation. The quantitative aspects are recorded in Tables 6 and 7 . There is a discrepancy between the IMP value calculated and observed, but this is within the limits of error of the analytical methods ( ± 4 %).
The change of ITP is probably not very accurate as it is a relatively small difference value. The rate of dephosphorylation of ITP is much slower than that of IDP.
The changes in the control containing only AMP do not balance satisfactorily, in that the AMP removed is not accounted for by the substances which were determined. Other substances such as adenosine or inosine must have been formed. Dresel (1953) has demonstrated the instability of nucleotides in liver preparations. The conclusions formulated in Table 2 are confirmed by the quantitative analysis of the distribution of radioactivity. The numbers of counts expected in ADP, ATP and phosphate have been calculated on the assumption that the reactions listed in Table 2 take place in the quantities stated in the last column, and that the specific activity of the p-phosphate of ITP was identical with that of IDP. The agreement between the calculated and observed counts is again very good (Table 5 ). The Table 1 ), and calculated from Table 6 The values refer to 25Bp. of solution and 60 min.; ITP and IDP added. Vol. 6I
Interaction between AMP and ITP in brain extract A similar experiment in which the liver preparation was replaced by an aqueous extract of acetonedried sheep brain is shown in Table 8 . The composition of the incubated solution was the same as in the previous experiment, except for the source of the enzyme. The results are in good agreement with the assumption that essentially the same five reactions are responsible for the changes in brain and in liver. The quantitative aspects are stated in Table 10 . Compari8on of change8 ob8erved (8ee Table 8 ) and changes calculated from Table 9 The Tables 9-12. They confirm the agreement between the various independent checks of the results. There are some differences in the relative activities of the enzymes in the brain and liver preparations. In liver the dephosphorylation of IDP was a more prominent reaction than in brain. The deamination of AMP was much more rapid in brain than in liver. It should be noted that the enzyme preparation did not comprise all the enzymes of the original tissue and the comments on the relative activities therefore refer only to the preparations used.
The distribution of 32p shows some unexpected features which may be due to experimental errors, e.g. the fall of specific activity of IDP on incubation (Table 8) . This is probably due to an error in the count for the IDP phosphorus at 0 min. As the same specimen was used as in the experiment of Table 1 , the ratio of the counts of ATP and ADP should be the same in both experiments. Another doubtful value is the radioactivity count in IMP after incubation. The reactions listed in Table 2 do not account for this. Whether additional reactions take place or whether the chromatographic separation is imperfect remains to be investigated. VoliPHOSPHATE TRANSFER BETWEEN NUCLEOTIDES Reversibility of interaction between ITP and AMP The reversibility of the reaction ITP+AMP -.ADP +IDP is shown by an experiment in which IDP and ADP were added to lysed liver mitochondria. The experimental conditions were the same as in the experiment shown in Table 1 except that the substrates added were ADP, labelled with 32P in the terminal phosphate group, and IDP. Some IMP and AMP also were initially present as contaminations of the IDP and ADP preparations used; the initial Table 12 . Analysis of radioactive counts for the experiment of Table 8 The calculated values are based on the assumption that the reactions listed in Table 9 quantities of IMP and AMP are stated in Table 13 under zero time.
On incubation the concentrations of IDP and ADP decreased and ATP, AMP, ITP and IMP were formed, as well as inorganic phosphate (Table 13 ). The balance of the changes of phosphate and nucleotides shows deficits which are above the limits of error and indicate that substances in addition to those estimated were formed, e.g. purines, ribosides, ribose phosphate and pyrophosphate. The results are roughly in agreement with the assumption that the reactions listed in Table 14 take place. It will be seen from Table 15 that some changes of IDP and IMP remain unaccounted for; the balance of the substances removed and recovered not being perfect (see Table 16 ), it is impossible to formulate the changes as, satisfactorily as in the previous two experiments.
The radioactivity measurements qualitatively confirm the reactions formulated in Table 14. .32p appeared in ITP, the gain being 516 counts. The expected gain was 897 counts. ADP lost 864 counts but the specific activity rose, which indicates the formation of ADP from a highly active 32p donor. This was a trace of ATP present in the radioactive ADP in quantities which could Table 15 . Comnparison of changes observed (see Table 13 ), and calculated from Table 14 The values refer to 25 , Vol. 6I Table 16 . Balance of change8 on incubation for the experiment of Table 13 The values refer to 25ip. of solution. Potter, Herbert, Takagi, Siekevitz & Brumm (1954) , who demonstrated the phosphorylation of uridine mono-and di-phosphate in the presence of ATP. They did not investigate phosphate-transfer reactions involving inosine phosphates.
The presence of radioactivity in the p-phosphate of IDP and ITP prepared from respiring heartmuscle preparations after incubation with inosine phosphates and radioactive inorganic phosphate cannot be explained on the basis of the known reactions. Formation of labelled IDP might be due to dephosphorylation of fly-labelled ATP to ADP and deamination of the ADP by the enzyme described by Webster (1953) and by Deutsch & Nilsson (1953) Stadie, 1954) has been based on a hypothesis that insulin facilitates the transport of glucose across the cell membrane. This facilitation has sometimes been visualized as the removal of a 'permeability barrier' to glucose which is presumed to exist in the membrane. A third hypothesis, which has been suggested in various forms by Polis, Polis, Kerrigan & Jedeikin (1949 ), Russell (1951 ), Haugaard, Marsh & Stadie (1951 , and others, is that insulin increases glucose utilization by making more adenosine triphosphate (ATP) available to hexokinase, possibly by increasing the efficiency of oxidative phosphorylation. It is difficult to provide experimental evidence to confirm any one of these hypotheses, assuming that one of them is, in fact, correct. In all probability no one line of attack will provide decisive evidence, but investigation of the effectiveness of insulin in muscle kept anaerobic was thought likely to be profitable for the following reasons. If either the Cori hypothesis or the 'permeability' hypothesis is correct, exclusion of oxygen from the muscle should not itself affect insulin activity, so long as more than enough ATP remains in the tissue to saturate hexokinase. ATP is regenerated, in anaerobic conditions, by glycolysis and by transfer of phosphate from phosphocreatine, so that the ATP concentration might be expected to remain above saturation level for some time after exclusion of oxygen. If the hypothesis that insulin increases the efficiency of oxidative phosphorylation is correct, however, exclusion of oxygen from the system should severely impair or abolish insulin activity. For this type of work the in vitro incubation of the isolated rat diaphragm was regarded as very suitable, and this paper reports the results of experiments using this technique. The effects of other methods of reducing ATP synthesis have been included for comparison.
No conclusions about the mechanism of insulin action can be drawn if glucose utilization is impaired because the ATP concentration falls below saturation level early in the experiment. It was therefore important to be certain that ATP was not, in these experiments, the limiting factor in glucose uptake. Two methods of checking this point have been used in two independent laboratories, with almost identical results. The concentration of ATP in anaerobic diaphragm muscle has been estimated directly by Walaas & Walaas (1952) , who were also interested in the relationship between insulin effectiveness and ATP levels in muscle. They found that the ATP concentration in the aqueous phase of the muscle remained above
